A multicompartmental model for the kinetics of dust retention in the pulmonary region of the lung and in the tracheobronchial lymph nodes has been developed. The model reflects the following ideas concerning the basic features ofthis process: (1) penetration into the pulmonary interstitium and translocation to the lymph nodes are possible for nonphagocytised particles only; (2) these processes depend on the degree of damage to macrophages by dust and on the extent of compensatory enhancement in the recruitment of neutrophils taking part in the clearance of the pulmonary region free surface; (3) a certain proportion of initially penetrating particles is continuously returned to this surface together with recruited pulmonary macrophages. The model ensures a satisfactory approximation to experimental data on the retention ofquartz in the lung and lymph nodes during long term inhalation exposure, and simulation of the kinetic effects associated with both the damage to and the protection of the macrophagal clearance mechanism.
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Various mathematical models for the kinetics of deposition and retention of dust in the lung are usually proposed as a basis for predicting "the accumulation of lung burden during prolonged chronic exposure relevant to the exposure of workers to mineral dusts in a wide range of industries"' and, thus, as an instrument for "exposure assessment for occupational epidemiology".23
Another less direct aspect of modelling associated with the same final objective exists, however. Any medical predictions based on the analysis of limited experimental data can be reliable only if the ideas on the physiological and pathogenetic mechanisms of a process under consideration are sound. It is, therefore, necessary first of all to make sure that these ideas have no intrinsic contradictions. This is when mathematical modelling of supposed mechanisms can help by permitting characteristic responses of a real process to corresponding exposure to be reproduced with satisfactory approximation by varying the parameters ofa model. Meanwhile, in order to be solved, the problems mentioned`3 do not need any analysis of such mechanisms or their mathematical description with a model.
Modelling the kinetics of the deposition and retention of particles in the "deep lung" (meaning the region that was called "pulmonary" by the ICRP Task Group on Lung Dynamics4 and many other authors) Vincent et al considered two mutually independent compartments of "medium" and "slow" clearance; the third compartment (of "fast" clearance) corresponded to the tracheobronchial region. The model, however, does not account for the physiological mechanisms that determine the differences in the rate of clearance of the compartments, and its structure is not claimed to describe actual relations between them.
Most investigators (for example5) identify the rapidly removed part of dust deposited in the pulmonary region as that which is removed directly from the free surface ofthe acinus towards the mucociliary escalator, and the slowly removed part as that which has already penetrated into the "fixed tissues" (into the lung interstitium). Thus in both the route of deposition and the route of elimination, real compartments of dust in the "deep lung" are connected in series rather than in parallel as in the model.'
One ofthe variants ofthis model assumes a sudden and complete failure of the medium clearance compartment and, therefore, transfer of all material into the slow clearance compartment. In another variant of the same model, both compartments have parallel exits not only to the mucociliary escalator but also to some intralung kinetic trap that has no exit at all. Like satisfactory approximation to some of the experimental data although they are not based on any mathematical description of the real mechanisms of clearance and retention. As well as the ICRP model,4 the model suggested by the Scottish group of authors' may be related to the class of "models of data", rather than to the class of "models of systems" by definition. 6 Smith,23 although pursuing a similar aim in modelling, approached it rather from the position of systems analysis. The structure of this model was originally determined by definite morphofunctional units of the pulmonary region and by the author's ideas on those physiological processes that control the transport of particles deposited in them. Some of these ideas are purely speculative, whereas others seem to be obviously erroneous. As will be shown later, the model cannot simulate some of the essential phenomena observed experimentally. Therefore we have made it our aim to develop further the multicompartmental model of the kinetics of dust in the pulmonary region of the lung based on the approach of constructing it as a "model of systems." Structure of the model Our ideas on the functional mechanisms and routes of clearance of particles from the pulmonary region based on an analysis ofpublished papers and our own experimental data have led us to assume the structure of the multicompartmental model that is shown in fig 1. The central compartment X1 represents the pool of free particles on a free surface ofthis region. The only entry to the model is through this compartment and corresponds to the primary deposition of particles in the pulmonary region from the alveolar air. It is described as wu, where w is a cohlstant rate of deposition and u = u (t) is the control function, which assumes the value of 1 during actual exposure and the value of 0 during those interruptions that are characteristic of both occupational exposure and, frequently, experimental chronic exposure. The problem can be simplified for many conditions, as deposition throughout exposure may be assumed to proceed continuously, but at an averaged value of w.
The arrows between the compartments of the model show the direction of dust transport, and the constants ki near these arrows represent the proportions of dust transferred from the compartment Xi to the compartment X1 per unit time (the transfer rate constants).
Particles ingested by alveolar macrophages (AMs) or neutrophils (NLs) on the free surface of the pulmonary area are described by the compartments X, and X, respectively. Note that allowing for the essential role of phagocytosis by neutrophils as a further mechanism of pulmonary clearance, proved in our studies,78 is the first basic feature of the model proposed. This Smith.23 We have analysed two variants of modelling such a backward flow, proceeding from two basically different concepts. The first of the variants was considered in accordance with ideas of Tucker et al ' who maintained that the particles that have penetrated into the lung interstitium without the participation of phagocytosis can go further either into the long lung drainage pathways that transport them to the lymph nodes or into the short pathways opening into the terminal bronchiole at the beginning of the mucociliary escalator. Figure 1 shows the last path as a flow from the compartment X4 to the compartment X, with rate constant k,4. The model successfully simulates the gradual levelling offofdust retention in the lung. Nevertheless, it is not suitable for simulating some other important kinetic relations and processes.
Thus it is well known that protection of macrophages against damage by quartz reduces the retention of dust in the lung.'5 Modelling this protection by reducing the constant k46 and increasing the constant kM4, however, (see later), we increase the amount of dust in the compartment X6 at the expense of its reduction in the compartment X, and thereby reduce the flow from X, to X7, which brings about an increase in the total retention of dust in the lung. On the other hand, the presence of flow from X4 to X7, similarly does not allow the model to adequately simulate more substantial retention of more cytotoxic dusts in the lung as compared with less cytotoxic dusts, a well known experimental fact.
Therefore we gave up this variant and considered that in which k,4 = 0, but with a flow from the compartment X6 to the compartment X2. Introducing this flow into the model we proceeded from the fact that the pool of interstitial macrophages is one of the main sources for recruiting AMs.56 Reproduction of the cells of this pool is stimulated by macrophage breakdown products; the same products enhance their recruitment as AMs on the free surface of alveoli."7 On the other hand, the breakdown of
AMs increases the probability of particle penetration and, consequently, the probability of their ingestion by interstitial macrophages. Thus the breakdown of AMs creates conditions for both increased transfer of cells from the interstitial pool to the alveolar pool of lung macrophages, and for part of these cells to contain some particles already before this transfer.
The recruitment ofmacrophages becomes a mechanism of returning a proportion of the interstitial particles on to the free surface of the pulmonary region, but already in a phagocytosed state. This reverse transfer proceeds at a rate which, in our model, is characterised by the constant k2.
Apparently the same increase in the constant k. and decrease in the constant k,. leading to the transfer of dust to the compartment X6 at the expense of the compartment X4 facilitate the elimination of dust from the lung towards the free surface in this model rather than impede it as in the first variant.
Mathematically the equivalent ofthe model shown in fig 1 is represented by a set of linear differential equations.
Estimating model constants: general considerations The basic difficulties that arise during quantitative estimation of the parameters pertaining to a multicompartmental model of the kinetics of dust in the pulmonary region of the lung during chronic inhalation exposure are associated with the fact that direct measurement of the amount of dust in the morphofunctional divisions ofthis area that are described by corresponding compartments of the model is impossible. Even the extrapulmonary compartment X5 can be considered as an-analogue ofdust deposited in tracheobronchial lymph nodes only under some assumptions. As regards the second quantity available for an experimenter-namely, the amount ofdust in the lung parenchyma-it is only at first sight that it corresponds to the sum of the other six compartments of our model. The possibility of describing satisfactorily the kinetics ofdust retention in the lung parenchyma during chronic inhalation exposure by means of a single exponential function813 shows that this retention relates mainly to the region that may be assumed as isokinetic. In other words, we may assume that the amount of dust found in the lung after a many week exposure depends mainly on those particles that have been retained in "fixed tissues" (the lung interstitium), whereas the contribution to this amount ofparticles remaining on the free surface of the intralung airways becomes comparable with the error of its determination. Clearly the longer the period of exposure elapsed-that is, the higher the retention of dust in the lung interstitium as compared with its retention on the free surface of the pulmonary region and bronchi (that reaches equilibrium much earlier)-the more valid this assumption becomes.
Moreover, for modelling we usually have the data of such experiments in which rats are killed one day after a final inhalation exposure-that is, enough time exists for substantial clearance of the free surface from deposited particles. Finally, for estimating the role ofphagocytosis in the clearance of these particles it was necessary, of course, to perform a bronchoalveolar lavage that also clears the lung from particles that have not penetrated into the interstitium.
Thus sufficient reason exists to assume the experimentally determined lung burden (especially during long term exposure) as roughly equal to the total amount of dust in the compartments X, and X6, which in our model represent the dust in the lung interstitium.
At the same time temporal changes in the amount of dust during exposure are satisfactorily approximated by the function y = a -be-kr.8 Therefore an empirical model for the retention of dust in the pulmonary area constructed on the basis of such data may be definitively identified as a single compartment one. Using k as a constant of the rate of dust elimination from the compartment the rate of deposition of dust in it from the alveolar air (the constant W) can be easily calculated, if for simplifying the problem exposure is assumed to be continuous (u(t) = 1 during the entire period). Then, proceeding to construct a multicompartmental model of the system the same value for * as a constant rate of entry of dust into it can be assumed.
One more experimental estimate can be used to check the adequacy of multicompartment modelling. particles detected in a single NL or AM by light microscopy of the BAL cell sediment. We think that it is not necessary to explain why this ratio can be only a rough estimate of the X, to X, dust burden ratio. Nevertheless, these two ratios should be at least ofthe same order ofmagnitude, and a large difference between them would be evidence of an erroneous choice of the model constants.
Thus for a given value of * a set of constants kj.
should ensure such a prediction of the amount ofdust in the model compartments for all experimental durations of exposure that would give a sum (X4 + X6) in sufficiently close agreement with the amount of dust determined in the lung tissue, and X5 in agreement with the amount of dust in tracheobronchial lymph nodes. Also the X3/X2 ratio would not differ very much from the ratio [NL] x C,,/
[AM] x Call. Besides, the model should reproduce the tendency of dust retention in the compartment (X4 + X6) to level off into equilibrium as found in experiments on rats sometime between the 20th and 40th weeks of exposure. 8 Of course, having constructed a seven compartment model for the identificaton of which there are only limited experimental data, satisfactory agreement with these data can be obtained using various sets of constants ki. Theoretical considerations and some experimental data suggest certain limitations, which are discussed next. Thus we assumed that lung macrophages from both pools (alveolar and interstitial) cannot differ greatly from each other in either the phagocytic activity or the resistance to cytotoxic damage by phagocytosed dust particles. At the same time, an alveolar macrophage functions on the surface where the concentration of deposited inhaled particles is highest and the conditions for the migration of cells towards these particles are most favourable. It can therefore be assumed that the probability of phagocytosis here is higher than in the lung interstitium, and, hence, the probability of such a cytotoxic load is higher on individual macrophages. This would lead to their damage and eventual breakdown. All these considerations make it clear that k,j cannot differ too greatly from k64; neither can k,, from k,6, but it is essential that the conditions k21 > , and k,2 > k,6 be satisfied.
Furthermore, as the contribution of the macrophage clearance mechanism before its breakdown is considerably greater than that of the neutrophilic mechanism, the constant k2l in the base model should be assumed to have a value much greater than that of the constant k3,. Specifically and k,, should be at least 10-fold.
By contrast, the rate constants for two flows bringing phagocytosed dust into the compartment X7 should, apparently, be sufficiently close. Irrespective of whether the transfer of coniophages from the free surface of alveoli to the zone of the mucociliary escalator occurs over the surface or by "liquid veins," the dominating view in modem science is that this transfer, as well as the corresponding transfer of free particles, is passive. It takes place under the action of physical forces associated with respiratory excursions ("tidal force" or "squeezing out"). This indicates a necessity to assume the constants k7, and k7, to be, ifnot equal, then at least of the same order of magnitude. Although the preliminary packaging of dust in a macrophage has been claimed to facilitate its transfer,'8 the same authors point to the danger of formation of a cell stasis in the mouth of the acinus that can block its self clearance. Rather, a large cell is transported under the action of the mentioned physical forces slower than free particles and smaller cells. For these reasons k7, may be assumed to have a somewhat lower value than k7, rather than the opposite.
Once in the zone of action of mucociliary transport, dust is apparently cleared at about the same rate as inhaled particles initially deposited in the tracheobronchial region. In accordance with experimental estimates (for example,'9) for rats this process is characterised by T1 equal to about [20] [21] [22] [23] [24] hours. Hence, the constant k.7 should be close to 5-0 weeks-'.
Under all these limitations, we sought such a set of model constants for which the retention of dust predicted by this set would correspond satisfactorily to experimental data (see the previous section). Table  1 (column "before breakdown") presents the set we chose as giving a satisfactory approximation to experimental data. All ofthe above mentioned limitations are met. By the end of the first half of the experiment, (at the end of 20 weeks) the model with these constants gave the following predictions ofdust retention: 15-0 mg in the compartments (X4 + X6) and 0 86 mg in the compartment X5. The amount of dust in the lung tissues determined by that time was equal to 16-9 (SE 2-2) mg with 95% confidence intervals (95% CIs) of 12-1-21-7 mg; that in the tracheobronchial lymph nodes was 1-08 mg.
Predictions for the 10 week period showed worse agreement with experimental data: if the model predicts 7-8 mg for the compartment (X4 + X6), the experimental result is 13-7 (SE 1-7) mg, even the lower CI being higher than the model prediction. It should be noted, however, that the model assumes the lungs to be initially completely free from dust, whereas dust was found even in lungs of control rats in the same experiment. 8 The 17 times lower than that after 20 weeks. As more accurate estimates were not available, we thought it sufficient to reduce k2, also by a factor of 1-7 for simulating the breakdown under consideration.
As was already mentioned, such a breakdown was claimed to be entirely offset by an increase in the number of NLs and thus enhanced phagocytosis by neutrophils.8 Consequently, it was necessary to find such an increase in the constant k,, which would give predictions for the amount of dust in X4, X, and X6 by the 40th week and 48th week of exposure that would agree with experimental results, all the other parameters of the basic model being unchanged. Figure 2 shows that the model also requirement of gradual levelling offfor t dust in (X4 + X6) within periods of timt with the experimental data on such lei rats.
Of course, the numerical parameters that ensure a satisfactory approximation experimental data are not universal. The able biological variability of the involved in the kinetics of elimination, re translocation of particles deposited in th region, and the effects of chronic exposur on these mechanisms make the adjuw specific set of constants for each experin ble. Only the above described limitati adjustment are more or less general possibility of describing the results experiment using a model of the same s serious argument in favour of this structure, and those concepts included in its basis. As we stated in the introduction, this is the main objective of our modelling. Nevertheless, we have had an opportunity to also make sure that such description requires only minimal adaptation of model parameters estimated by the data from the original experiment.
Such adaptation was applied to the results of another experiment also described in this journal. '5 40 48 In this case, rats inhaled the same quartz dust, but at a lower concentration (71-3 (SE 1 9) mg/m3), which led us primarily to change the rate of entry of dust , 20, 40, and into X, assuming it to be equal to 1-3608 mg weekl'.
tion of dust When comparing the cell composition of the BAL in both experiments described8 15 we noticed that the number of AMs for corresponding periods of exposure did not differ greatly, but the number of NLs in one experiment"5 was twice as great as in the r the second other.8 This led us to assume twice the value for the for the first constant k3l. Further adjustment of constants showed Lte shows that that a satisfactory approximation to the data of this Ling constant experiment also required a higher probability ofnonphagocytosed particles penetrating into the intersure after 40 stitium (with a corresponding decrease in the alterarameters of native probability of their being transferred to the nsation being zone of the mucociliary transport), and a higher of dust in the probability of their subsequent transfer to lymph week. In the nodes. These mutually non-contradicting assumpwas stopped tions were reflected by a corresponding change in the d eight weeks constants k45, k7,, and k54 (see table 1, column ig tissue with "adapted model"). ilt also shows As table 2 shows, model predictions were in satisfactory agreement with experimental data for atio [NL] x both terms of the investigation, which in this o periods of experiment corresponded to 12 and 23 weeks of iring the last exposure. burden ratio In the same experiment,'5 the rats that were placed e 10th week, into the same dust chamber but given a solution of )th week, and sodium glutamate instead of drinking water, had a strongly reduced retention of dust in the lungs and satisfies the especially in lymph nodes owing to a considerably he amount of increased resistance of macrophages to the cytotoxic e comparable action of particles engulfed by them. A direct indicavelling off in tion of this increased resistance was a decrease in the percentage of clearly degenerate AMs in the cell of the model population of the BAL, and indirect evidence was to particular provided by a reduced ratio NL/AM, which is an unquestion-adequate measure of the cytotoxic action of dust.7 mechanisms
The most obvious kinetic consequences of this atention, and cytoprotective action of glutamate are as follows:
e pulmonary (a) A resistant macrophage retains its functional re conditions activity and integrity at a considerably greater numstment of a ber ofengulfed cytotoxic particles. Hence many more nent inevita-cells still retain phagocytic activity under the action ons on such of the cytoprotector (despite the dose of cytotoxic L The very particles already engulfed) per finite number of cells, of another than in the absence of this action. Considering the tructure is a cell population as a whole the same effect can be 178 n3% expressed as an increase in its phagocytic activity. In our model this effect can be simulated by increasing the constants k2, and k64.
(b) Another aspect ofthe same cytoprotective effect is, of course, a lower probability that particles taken up by macrophages will be released again, which may be simulated by decreasing the constants kl2 and k46.
(c) Reduction in the compensatory recruitment of NLs-that is, a considerable decrease in the total number of NLs on the free surface of the pulmonary area under the action of glutamate-reduces the probability that a free particle on it will be phagocytosed by these cells (in the model, transferred from X, to X,). This consideration requires a reduction in the constant k3,.
Taking as a guideline the comparative estimate of the number of NLs in the BAL of rats that inhaled quartz dust against the background of drinking glutamate solution or water, this constant could be reduced by a factor of 1-5 to 2. For preliminary estimates of adequate changes in other constants no direct experimental data exists. Therefore the task of modelling involved finding such changes in the above constants to which the model would respond by a substantial decrease in dust retention in the compartments (X4 + X6) and an even more pronounced decrease in the compartment X5, and by a decrease in the ratio X3/X2-that is, would simulate the basic kinetic effects of glutamate. We considered it reasonable to assume that changes in the constants k2, and k,, are equal to changes in the constants k.4 and k46 respectively.
At the same time, experimental data show that with an increased period of exposure to dust the favourable kinetic effect of glutamate builds up: eventually this leads to an ever growing difference in dust retention in the lung between the groups that were and were not given glutamate (see table 2 ). Apparently, this can be attributed to the build up in the cytoprotective effect ofglutamate. Indeed, the results published earlier"5 show that after 12 weeks of exposure the percentage of degenerate AMs in the BAL of rats that inhaled quartz and were given glutamate was lower by a factor of 2 6 and the ratio NL/AM by a factor of 1 4 than in rats that were not.
After 23 weeks, these ratios were 4-5 and 2-0 respectively. If we take these values as relative estimates of the antiquartz cytoprotective effect, we can come to the conclusion that this was enhanced during the second half of the period by a factor of 1-73 judging by the first index and by about 1-43 judging by the second. Although this enhancement most likely proceeded gradually, its simulation proved to be possible by a single change in the constants.
Thus the simulation of the kinetic effect of glutamate was performed in two steps (see table 1 ). Firstly, we found, in accordance with the basic premises, such changes in the constants k,2, k21, k46, kM4, and k3l that ensured satisfactory approximation to the experimental data relating to the 12th week. Then the constants k,1 and k4 were further increased, whereas the constants k12, k46, and k3l were further reduced by a factor of about 1-5. Table 2 shows that this approach gives satisfactory results on the whole. The model predictions for the compartments (X4 + X6) for the first period were practically equal to the average mass of dust in the lung, and for the second period it was within the 95% CIs of this value. Moreover, the model simulated the above mentioned build up in the favourable effect of glutamate on dust retention in the lung: if during the first period of exposure the amount of dust in (X4 + X6) was lower than the prediction of the adapted model without simulating the cytoprotective action only by a factor of 1-65, by the second period it was lower by a factor of 2 18.
The prediction for the compartment X5 was almost equal to the amount of dust in lymph nodes during the second period, although it was less accurate during the first. In compliance with the main objective of the modelling, however, the simulation of the principal effect is of the greatest importance. This effect consists of the fact that any cytoprotector reduces cytotoxic damage by dust not only to alveolar but to interstitial macrophages as well, thereby reducing the penetration of particles into lymph nodes to an even greater extent than their penetration into the lung interstitium. Indeed, table 2 shows that the mass of dust in the lung decreased under the action of glutamate-for example, by the second period-by a factor of 2-76 compared with its retention in rats that were fed water, whereas in lymph nodes it changed by a factor of4-35. The model gave a decrease by a factor of 2-18 and 5-02 respectively. Both experimental and predicted estimates show the predominant effect of glutamate on the retention of dust in lymph nodes during the first period as well.
As with all the previous solutions, the predictions of the X,/X, ratio were in agreement with the experimental estimates of the numerical ratio
[NL] x CJ/[AM] x C,,, only in the order of magnitude. In this case also, the most important thing is that the model simulated the basic tendency to a shift in this ratio as caused by glutamate, namely, a pronounced decrease in it.
Previously we proposed the so called "action integral (AI)" as a measure of the chronic harmful influence of pulmonary dust burden.820 The AI is a definite integral ofthe function describing accumulation of any substance in and its elimination from the organism ( 
Conclusion
As was emphasised in the introduction, the basic aim pursued in the mathematical modelling ofthe process of dust retention in the pulmonary region of the lung and in tracheobronchial lymph nodes was to confirm the inherent consistency of the systems analysis as applied to this process based on our ideas on its mechanisms. Proceeding from these ideas we chose a structure for the multicompartmental model and imposed some limitations on its parameters. Then we showed the possibility of finding such sets of these parameters and such changes in part of them that ensured a satisfactory approximation to experimental data on the retention of quartz dust and basically correct simulation of such kinetic effects as the breakdown of the macrophagal clearance mechanism and its protection against damage. We think that this possibility is in itself of great importance.
The study provides evidence in favour of the concepts underlying the model, and thus the aim was achieved. The adequacy of the model was confirmed, which, in turn, will permit it to be used for predicting changes in the kinetics of dust retention in the lung and in lymph nodes under various conditions of exposure. This will enable definite changes in particular links of the phagocytic clearance mechanism to be predicted.
